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The concentrating mechanism in the renal medulla
ROBERT W. BERLINER
Department of Physiology, Yale University School of Medicine, New Haven, Connecticut
The general nature of the process that is
responsible for the formation of concentrated urine is
well-known and little useful purpose would be served
by reviewing it here. The subject is covered by a
number of articles and book chapters that have been
published in recent years [1—6]. Although for some
years controversy has surrounded the question of
the identity of the countercurrent multiplier, par-
ticularly in the inner medulla, it is now generally
accepted that the loop of Henle is indeed the counter-
current multiplier, as originally proposed by Wirz,
Hargitay and Kuhn [7], and that the thin segment of
the loop constitutes the multiplier in the inner me-
dulla. Further, little question remains concerning the
view that the ascending thin limb is the source of the
salt that is responsible for the increase in sodium and
chloride concentration from the base of the inner
medulla to the tip of the papilla. The most interesting
question that remains concerns the nature of the
process by which salt is transferred from the lumen of
the thin ascending limb to the interstitium of the
medulla. This in turn relates closely to the nature of
the process by which solute is concentrated in the
descending thin limb of Henle's loop as fluid flows
from the outer medulla to the hairpin turn. This
review will be concerned primarily with the various
hypotheses that have been proposed in explanation of
the multiplier function of the thin segment of the loop
and the experimental observations that bear upon
these hypotheses.
Because of questions raised on morphological
grounds concerning the capacity of the thin segment
to behave as a countercurrent multiplier and be-
cause the earlier observations of the behavior of
this segment left in doubt whether it possessed the
permeability properties and the capacity for active
transport that were presumed to be necessary for the
multiplier function, a number of alternative mecha-
nisms were proposed that would have placed respon-
© 1976, by the International Society of Nephrology.
Published by Springer-Verlag New York
214
sibility for the concentrating function of the inner
medulla in other structures [8—101. Theoretical con-
siderations or experimental observations or both
made it apparent that none of these alternative pro-
posals would account for the known properties of the
inner medulla. When it was shown that the fluid in
the thin ascending limb has a lower osmolality than
fluid in the descending limb at the same level and that
the deficit in osmolality was largely accounted for by
the deficit in sodium chloride concentration [11] and
further that the difference was attributable to re-
moval of solute rather than addition of water [12], it
seemed clear that the thin segment is indeed the
counter-current multiplier. Active transport of salt
out of the thin ascending limb seemed the only rea-
sonable possibility despite the lack of success in at-
tempts to detect such transport [13, 14]. This thinking
perhaps reflected concentration on and attempts to
adapt the counter-current multiplier models pro-
posed by Hargitay and Kuhn [15] and Kuhn and
Ramel [16] which derived their function from the
movement of water driven by a hydrostatic pressure
gradient or the transport of solute from one limb of
the multiplier to the other. In fact, in the earlier
model of Kuhn and Ryffel [7], no active transport of
solute or movement of water in response to a differ-
ence in hydrostatic pressure was involved. Instead,
the energy for driving the counter-current multiplier
had been derived from the potential energy of a con-
centrated solution of a second solute. It is concerning
this paper of Kuhn and Ryffel [7] that Wirz has
appropriately said; "It is questionable that this paper
was thoroughly studied by many who qL.Joted it." [4].
The principle embodied in the model of Kuhn and
Ryffel is illustrated in Fig. 1. The recognition that the
urine contained in the collecting ducts represents the
concentrated solution of a second solute, urea, led
Stephenson [18] and Kokko and Rector [19] inde-
pendently and more or less simultaneously to pro-
pose models for the concentrating process in the in-
ner medulla in which the movement of salt out of the
ascending limb was facilitated by or even completely
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driven by favorable salt concentration gradients cre-
ated by the presence of high urea concentrations in
the medullary interstitium.1
The model of Kokko and Rector [19] is based on
the assumption that there is no active transport (re-
lated to the concentrating mechanism) in the inner
medulla. Because of the withdrawal of salt as fluid
flows through the thick ascending limb of the loop
and the continued salt removal in distal tubule and
cortical collecting tubule, urea becomes a major part
of the residual solute. It is noteworthy that all of
these segments have low permeabilities to urea. As
the fluid regains isotonicity with the circulating blood
by loss of water in the cortical collecting system and,
in some species, the distal portion of the distal con-
voluted tubule, the concentration of urea is raised to
a value approaching the total osmolality of the circu-
lating blood. In the outer medulla, the concentra-
tion is further increased by loss of water to the
surroundings whose osmolality has been raised by the
salt transported by the thick ascending limbs. As the
urine flows through the collecting ducts it encounters
the first segment with a high permeability to both
urea and water, and urea escapes into the medullary
interstitium. Because, in this model, the descending
thin limb has a low permeability to urea and a high
permeability to water, the high urea concentration
serves (along with sodium chloride) as an osmotic
force to withdraw water from the fluid flowing down
the descending limb. The loss of water raises the salt
concentration in the descending limb so that, at the
bend, the salt concentration within the tubule lumen
is only a little less than the equivalent of the total
osmolality of the medullary interstitium at that level.
However, since a major fraction of the solute that
provides the osmolality in the interstitium is urea, the
salt concentration is considerably higher in the lumen
than outside. If, then, the ascending thin limb has a
low permeability to water and a high permeability to
salt, relative to its permeability to urea, then salt can
diffuse out of the ascending limb faster than urea can
diffuse in. The result will be dilution of the fluid
flowing up the thin ascending limb and addition of
salt to the medullary interstitium. Fig. 2 is a sche-
matic representation of these events.
By in vitro perfusion of the thin descending and
ascending limbs dissected from rabbit kidneys,
Kokko [22] and Imai and Kokko [23] have found
precisely the requisite permeability characteristics.
Their findings included the demonstration that fluid
perfused through the thin ascending limb became
diluted when the perfusate contained only sodium
chloride while the bath contained an isosmolal solu-
tion made up with equal parts of salt and urea [23].
The model proposed by Stephenson [18] is identi-
cal in principle to that of Kokko and Rector; in fact,
the Kokko-Rector model is a special case of the
"central core model" of Stephenson. The latter in-
cludes urea in the same general role as the Kokko-
Rector model but allows for a wide range of
permeability properties in the thin segments of the
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Fig. 1. Principle of the solute movements in the model of Kuhn and
Ryffel. Compartment I is separated from compartment II by a
membrane (m) permeable to water but impermeable to solute A
which is present initially at equal concentrations in I and II.
Compartment III, which contains solute B, is separated from com-
partment II by the membrane (n) which is permeable to solute B
but not to water or solute A. Solute B diffuses into compartment
II raising its osmotic pressure and causing movement of water
from compartment I to compartment II. This dilutes solute A in
compartment II reducing its concentration below that in compart-
ment I. In the model of Kuhn and Ryffel [71 membrane M was
copper ferrocyanide, membrane N was rubber; solute A was
sucrose and solute B phenol.
It had generally been postulated that an active transport of salt
out of the ascending thin limb would represent primary active
transport of sodium with chloride moving passively. If active trans-
port out of the ascending thin limb does occur, it would seem best
to make no assumption as to which ion is actively transported since
it has been found that chloride is the actively transported species in
the thick ascending limb [20, 21]. As far as the operation of the
concentrating mechanism is concerned, it does not matter which
ion is actively transported as long as there is net transfer of salt.
The noncommittal designation "salt" will be used throughout this
paper.
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ioop of Henle and a variable contribution of active
transport of salt out of the ascending thin limb. In the
case that active transport out of the thin asending
limb is assumed to occur, the transport is facilitated
by the reduction of interstitial salt concentration pro-
duced by the high urea concentration in the
interstitium (central core). When it is assumed that
there is no active transport of salt by the thin seg-
ment, the central core model becomes essentially that
of Kokko and Rector. Stephenson has made a com-
plete mathematical analysis of his model and has
examined the effects of varying its several parameters
[24—26].
The conceptual and thermodynamic advantages of
a version of the central core model that closely ap-
proaches the Kokko-Rector model are striking. It
requires only the active transport of salt that has been
unequivocally demonstrated to occur: in the thick
ascending limb of the loop, the distal convoluted
tubule and the cortical elements of the collecting
system. It makes the energy expended in this salt
transport in outer medulla and cortex at least par-
tially available to drive the concentrating process in
the inner medulla. The energy expended in producing
a relatively concentrated urea solution is not simply
passed out in the urine, but is partially reutilized to
increase the concentration of other solutes in the
urine. The model would explain why it has been so
difficult to demonstrate active transport in the thin
segment of the loop. Perhaps most intriguing, the
model accounts for the "economy of water in renal
function referable to urea" described by Gamble et al
in 1934 [27] and, although repeatedly confirmed
[28,29], never adequately explained.
It will be recalled that Gamble and his associates
[27] found that when rats on a low protein diet were
fed various solutes in combination, the water re-
quired for their excretion was always additive except
when urea was one of the solutes, in which case the
water requirement was diminished relative to that
when the other solute was administered alone. In
other words, not only could urea be excreted in the
water already required for the excretion of the other
solutes, but the concentration of the other solutes in
the urine was actually increased. With the recognition
of the countercurrent exchanger behavior of the renal
medullary circulation, it became clear why it is pos-
sible to excrete urea in water already obligated for the
excretion of nonurea solute: the trapping of urea,
escaping from the collecting ducts, in the renal me-
dulla made it possible for urea in the interstitium to
balance osmotically the urea remaining in the collec-
ting ducts, leaving the salt accumulated in the inter-
stitium to balance only the nonurea solute [30—32].
This did not explain, however, how the urea made it
possible to increase further the concentration of the
other urinary solutes. This explanation is provided by
the Kokko-Rector and Stephenson models.
It is sometimes stated (e.g., 119]) that "recycling" of urea is
important to the concentrating process as embodied in these mod-
els, i.e., that it is important that urea escaping from the collecting
ducts reenter the nephrons via the loops of Henle for recirculation
through the cortex. I believe that this is a misconception. Clearly,
any realistic model must incorporate such recycling because it is
known to occur [33], but it is not important to the operation of the
concentrating mechanism which, in theory, would operate even
more efficiently if the loop were totally impermeable to urea. (The
fact that the loop is permeable to urea creates one of the problems
with total acceptance of the models as will be discussed below.)
Presumably, if the loop were totally impermeable to urea, the
major avenue for urea to escape from the medulla would be cut off,
urea would be even more effectively trapped in the medulla and its
high concentration could be maintained by leakage of a smaller
amount of urea from the collecting ducts. The efficiency of the
system would be enhanced, not diminished. The diminished contri-
bution of urea to solute accumulation in the medulla in water
diurcsis results not from the absence of significant recycling per se
(the excretion of urea is increased, not diminished in water diur-
esis) but because the retention of water in the distal nephron and
the collecting system in the absence of antidiuretic hormone
(ADH) keeps the urea concentration relatively low throughout.
Permeability of the thin descending limb
Given the high explanatory value and other attrac-
tive features of the Stephenson and Kokko-Rector
models, it would seem that there would be little hesi-
tation in accepting them without reservation. How-
ever, the experimental observations are not uniformly
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Fig. 2. Schematics of countercurrent mutiplication system without
active transport in the renal medulla. X=nonreabsorbable solute.
Reprinted with permission from Kokko and Rector [19].
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in accord with the requirements of the theory. Kokko
studied the characteristics of the isolated thin de-
scending limb from rabbit kidneys when these seg-
ments were perfused in vitro [22]. No evidence
of active salt transport could be detected. The
permeability to both sodium and urea was found to
be low and the reflection coefficients correspondingly
high (0.96 and 0.95, respectively). The permeability
to water was very high with a hydraulic conductivity
much higher than that of the highly water-permeable
proximal convoluted tubule. When the bath was
made hypertonic to the perfusion fluid by addition of
urea or sodium chloride and urea to the bath, the
perfusion fluid equilibrated osmotically with the bath
almost exclusively by loss of water and there was very
little entry of urea into the lumen. This combination
of characteristics is, of course, almost the ideal for
providing a maximum gradient of salt concentra-
tion from lumen to interstitium at the bend of
the loop since, given that salt and urea are the
only osmotically significant solutes in loop and
interstitium, the outward directed gradient of salt
concentration cannot exceed the inward directed
gradient of urea. It is important to emphasize that the
experiments of Kokko utilized segments of rabbit
nephron, since, although there are many observations
that seem discordant with those of Kokko, none of
them are in the rabbit. The only other direct
examination of the permeability of the descending
thin limb was the study of Morgan and Berliner, who
perfused thin descending limbs in excised papillas
from rat kidneys [14]. As in the study of Kokko, the
water permeability was found to be high. However,
when the bath was made hypertonic to the perfusate
by the addition of salt or urea, entry of solute con-
tributed about as much to the increase in the os-
molality of the perfusate as did loss of water. The
data suggested a much higher permeability to both
salt and urea than that found by Kokko, and corre-
spondingly much lower reflection coefficients.
While there seems little doubt concerning the high
water permeability of the descending limb, the re-
spective contributions of water loss and solute gain to
the osmotic equilibration remain very much in ques-
tion. Comparison of the composition of fluid ob-
tained from the tip of long loops with that found in
late proximal and early distal tubule has been used to
deduce the changes that occur along the descending
thin limb. In doing so, all of the authors have noted
the fact that this procedure leaves considerable uncer-
tainty because: I) in most species the convoluted
tubules that are punctured on the cortical surface
represent a population of nephrons different from
those with long loops which are derived from jux-
tamedullary nephrons (the sand rat, Psammomys, is
an exception in which all of the nephrons have long
loops extending into the inner medulla although
those on the cortical surface are not those represented
at the papillary tip); 2) the volume of fluid reaching
the corticomedullary junction can be approximated
only by extrapolation forward from the values ob-
tained at the last surface proximal convolutions since
the straight segment is inaccessible, or extrapolation
back from the tip of the loop as indicated below.
On the basis of studies of this type in Psammomys,
de Rouffignac and Morel are the strongest exponents
of the view that solute entry in the descending limb
accounts for the increased osmolality in that segment
[1, 34,35]. Their evidence is of several types. The F/P
ratio for inulin at the tip of the papilla is relatively
low and increases only slightly with increases in the
osmolality of the fluid at that point. By extrapolation
back to F/P osmolality = 1, they estimate the F/P
inulin at the corticomedullary junction to be 4,8 and
conclude that osmotic equilibration is achieved 85%
by solute (largely salt) entry and only 15% (95% con-
fidence limits, 5 to 30%) by water loss. I find the most
convincing support for their conclusion of substantial
salt entry in the very high values of (F/P)Na / (F/P)1
which indicated that the amount of sodium that
reached the tip of the loop was, on the average, nearly
60% of the amount filtered and that in several in-
stances it exceeded the amount filtered. Additional
evidence put forth by de Rouffignac and Morel was
the finding that there was no relationship between the
F/P inulin in the early distal tubule and the
osmolality of the urine. They point out that if fluid in
the loops were to equilibrate by water loss, the resid-
ual volume should decrease as the osmolality in-
creases and the volume reaching the distal tubule
should decrease accordingly. (However, assuming a
very low permeability to water in the ascending limb,
this point is not really independent of the finding of a
flat relationship between F/P inulin and F/P os-
molality at the tip of the loop.)
Morel and his associates [36, 37] have shown by
microinjection of 22Na that some segment of the
nephron beyond the proximal tubule has a high per-
meability to sodium and, by an ingenious stop-flow
procedure, have localized this segment to the loop of
1-lenle. They infer that the permeable segment is the
thin descending limb, but there is no basis for decid-
ing a priori that it is the descending rather than the
ascending limb; apparently, they have assumed that
the ascending limb has a low permeability to sodium
which, in fact, may or may not be the case (see
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following). The microinjection studies were done in a
number of species, including the rabbit, but in view of
the uncertainty about which limb has the high per-
meability, they do not directly contravene the find-
ings of Kokko in that species [22].
de Rouffignac and Morel believe that logic and
efficiency would dictate that osmotic equilibration
should occur by salt entry rather than water loss [34,
35]. They point out that the amount of solute-free
water removed in the concentrating process (Tci2o)
cannot exceed the amount of free water delivered to
the cortex from the thick ascending limb. If the equil-
ibration in the loop occurs by water loss, the smaller
residual volume, diluted to the same extent by salt
withdrawal in the thick ascending limb, will deliver
less free water to the cortex and the maximum attain-
ableTcH2owill be lower. This is not, however, a major
problem, at least in most species, sinceTcn2ois gener-
ally rather small when the urine is most concentrated;
the most concentrated urine occurs only when solute
excretion is very low.
Despite reservations about the latter two points,
the evidence supporting the conclusions of de Rouf-
fignac and Morel [34] seems quite strong. But so is
that supporting the conclusions of Kokko [22, 23].
Assuming that there is no substantial technical error,
it seems not unlikely that we are dealing with the case
of the blind men and the elephant and that both are
correct. It seems probable that Psarnmomys differs
from the rabbit substantially with respect to the con-
centrating mechanism. One little noted fact about
the study of de Rouffignac and Morel was the
remarkably low concentration of urea in the urine
despite the very high osmolality. At a time when the
urine osmolality averaged over 2000 mOsm, urea
constituted only about 6% of the solute. Such os-
molalities, in most other species, are attained only
when urea constitutes a very major fraction of the
urinary solute. Psammomys is an unusual species
since, as has been pointed out by de Rouffignac et a!
[38], it excretes a highly concentrated urine not be-
cause of a need to conserve water but because of the
requirement to excrete the very large excess of salt
that it ingests with its diet of halophile plants. A
direct perfusion study of the thin limb of Psammomys
might prove highly interesting.
The findings of Jamison, Buerkert and Lacy [39]
and Pennell, Lacy and Jamison [40] concerning the
composition of the fluid obtained from the tip of
the loop of Henle of young rats also indicate
substantially more solute entry into the descending
thin limb than Kokko found in the corresponding
segment from the rabbit. Pennell et al [40] estimate
that 33 to 40% of the increase in osmolality is attribu-
table to solute entry. The solute calculated as entering
in this case is almost exclusively urea since it was
assumed that there was no salt entry. (It is not clear
why Jamison et al and Pennell et al have elected to
accept the applicability of the high reflection
coefficient for salt found by Kokko but not the
equally high reflection coefficient for urea!) Of
course, if the possibility of salt entry were admitted,
the increase of osmolality in the descending limb
would become even more a reflection of solute entry
rather than water loss. That there was some salt entry
seems a likely possibility since the finding of about
45% of the filtered sodium remaining at the end of the
descending limb would require that the tubular fluid
to plasma (TF/P) inulin at the end of the proximal
tubule be only barely above 2.0, a value generally
exceeded well before the end of the accessible portion
of the proximal tubule of superficial nephrons. How-
ever, the fact that two different groups of nephrons
are represented in this comparison makes a definite
conclusion impossible. These reservations were all
noted by Jamison and his associates.
In the hamster, Gottschalk et al and Lassiter,
Mylle and Gottschalk [41,43] have found F/P inulins
at the tip of the loop that ranged from 6 to 17, aver-
aging 11 in one of these studies [43] and over 12 in
another [41]. In the latter study, the TF/P inulin was
so much higher than the TF/P Na (average, 2.0) that
the authors suggest that the data are consistent with
active transport of salt out of the descending thin
limb. Certainly there is nothing in their data to sug-
gest any appreciable entry of salt in the hamster. A
modest fraction of the increase in osmolality in the
descending limb could be accounted for by entry of
urea, which, however, did not contribute more than
about a quarter of the osmolality of the fluid [41],
Marsh performed paired collections from the bend
and the descending limb of the same tubule in the
hamster [42], the distance between the puncture sites
being at least 750 im and averaging a little less than I
mm. There were small but significant increases in F/P
inulin, osmolality and Na and the increases in these
values did not differ significantly from each other.
This result is compatible with the view that the in-
crease in osmolality was the result of water loss with-
out gain or loss of salt, but the changes were small
enough and the standard errors large enough to be
compatible with a considerable contribution of either
gain or loss of salt. There was a highly significant gain
of urea which, in itself, was often large enough to
account for the increase in osmolality. These data,
therefore, do not help to answer the question as to
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whether there is entry of salt into the descending limb
in the hamster; they do indicate significant entry of
urea.
Difference in urea concentration between
the lumen and interstitium at the bend of the loop
As has been noted herein, the concentration of
urea in the fluid at the bend of the ioop is important
since the salt concentration difference between lumen
and iriterstitium, the driving force for salt movement
in the passive models, cannot exceed the difference in
the concentrations of urea in the opposite direction.
Kokko and Rector have stated that the absence of
salt gradients at the bend of the loop is still
compatible with their model, indicating that as fluid
moves up the thin ascending limb it eventually
reaches a region with a lower concentration of salt in
the interstitium, at which point passive movement of
salt out of the lumen can occur [19]. I believe that this
conclusion is incorrect. If there is a region near the tip
of the loops in which there is not net movement of
salt out of the lumen, the concentration of salt in that
region cannot be higher than it is at the last point
(moving from base to tip of the papilla) at which such
net movement occurs. If there is a region in which no
net movement out of the loop occurs, the situation
becomes analogous to that involved in some of the
earlier models in which it was assumed that salt trans-
port was confined to the outer medulla and that no
net movement of salt (in excess of water) out of loop
occurred in the inner medulla [8]. These models have
been shown by Stephenson [44] and by Kelman,
Marsh and Howard [45] to be incompatible with the
observed gradients in the inner medulla. If, then,
there are not inside to outside gradients of salt con-
centration at the bend, some process other than diffu-
sion would have to move salt from lumen to
interstitium in order to account for the observed con-
centration profiles. Thus, the gradient of urea at the
tip of the loop is indeed critical to the Kokko-Rector
model and important, although less critical, to the
more flexible Stephenson model.
Pennell et al [40] have studied the concentration of
urea at the bend of the loop in rats and compared the
concentration in loop fluid to that in collecting duct
urine. Assuming that the movement of urea from
collecting duct to interstitium to loop is passive, the
difference between collecting duct and loop was inter-
preted as the maximum difference between loop and
interstitium.2 The differences found were relatively
2 This is probably a valid assumption although not immune to
challenge since it has been shown that the concentration of urea in
the papilla of the rat may exceed that in the urine [29, 431. How-
ever, the latter situation has been observed only when the concen-
tration in the urine was very low.
small: 66 m (approximately 20%) in normal anti-
diuretic rats and 44 mi (approximately 25%) in
Brattleboro rats given ADH. The authors conclude
that the data are difficult to reconcile with a purely
passive mechanism for the operation of the thin seg-
ment of the loop.
Characteristics of the thin ascending limb
Permeability to water. Whatever the nature of the
process that moves salt out of the ascending limb, it
would seem important to its function as a counter-
current multiplier that it have a low permeability to
water. There seems to be no difference among various
species in this respect, a low permeability being found
in each instance that has been studied. Morgan and
Berliner examined the permeability of the thin limb
by perfusion of the various structures in the excised
rat papilla in vitro. The diffusional permeability to
water of the ascending limb was lower than that of
the descending limb by a factor of about 2.5 while the
hydraulic conductivity of the ascending limb was less
than one-tenth that of the descending limb [14]. Imai
and Kokko found that the isolated thin ascending
limb of the rabbit perfused in vitro had a diffusional
permeability to water (50 cm X l0 X sec), essen-
tially the same as that reported for the rat [23]. The
hydraulic permeability of the rabbit ascending limb
was too low to be measured. In the hamster, Marsh
found that as fluid flowed up the first millimeter of
the ascending limb the osmolality fell significantly
despite a significant influx of urea [42]. The results
imply a low permeability to water in this species,
although the data are not amenable to quantitative
assessment.
Permeability to solute. The permeability of the as-
cending limb to solutes, particularly salt and urea,
has an important bearing upon the transport of salt
out of the ascending thin limb. If the salt movement is
passive and downhill, a high permeability to salt and
a lower permeability to urea are required [19]. On the
other hand, if the transport is primarily active it
would operate more efficiently if back flux of salt
were minimized by a low passive permeability to salt.
With regard to the permeability to salt, the data are
not entirely concordant, although again the differen-
ces have been found among different species.
Morgan and Berliner [14] found the rat thin as-
cending limb to have a much lower permeability to
sodium chloride than did the descending limb. Thus,
when each limb was perfused with a solution with an
osmolality 200 mOsm less than that of the bath, the
difference being in the NaCI concentration, four
times as much salt entered the descending limb de-
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spite the fact that the driving force for salt entry in
the descending limb is relatively rapidly dissipated by
the greater loss of water. Kokko and Rector [19] have
criticized estimates of the reflection coefficients for
the ascending limb derived from the data of Morgan
and Berliner [14] because the water movements were
too small to permit such calculations. However, the
estimates were made by Kokko and Rector. Their
criticism of their own calculated values is correct but
it does not invalidate the evaluation of the
permeability based on solute entry rather than water
loss. Morgan and Berliner found the permeability of
the ascending limb to urea to be higher than the
permeability to sodium chloride and approximately
the same as that of the descending limb.
The findings of Imai and Kokko [23] in the rabbit
ascending limb were quite different. They found the
permeability to sodium and to chloride to be very
high and more than an order of magnitude higher
than in the descending limb. The permeability to urea
was also relatively high, although considerably lower
than that to salt, and four times greater than the
permeability to urea that Kokko found in the de-
scending limb [22]. These characteristics in the rabbit
are precisely those required for the totally passive
model of sodium movement; those in the rat seem
more easily fitted to a mechanism involving at least
some active transport.
Active transport of salt. There have been several
attempts to detect active transport of salt out of the
thin ascending limb of the ioop in several species.
Marsh and Solomon [13] were unable to detect any
uptake of droplets of saline instilled into hamster thin
ascending limbs and concluded that "transtubular
active transport mechanisms are not present." Gotts-
chalk [46] also found no net reabsorption of saline
droplets from the ascending limb of hamsters, al-
though he noted that the droplets quickly attained
the same osmolality as the fluid in the collecting
ducts. The latter finding seemed to imply a relatively
high permeability to solute. In accord with the find-
ings of Windhager [47], Marsh and Solomon detected
a significant electrical potential difference (lumen
negative) across the wall of the ascending limb in free
flow. Although Windhager considered the voltage
difference to reflect active sodium transport, Marsh
and Solomon interpreted it as a streaming potential,
a view later abandoned by Marsh [42] in the absence
of net fluid flux that he found.
Morgan and Berliner were unable to detect active
transport of salt out of the thin ascending limb of the
rat loop when this structure was perfused in the iso-
lated papilla in vitro [14]. Conditions were varied
over a wide range without modifying the negative
results. Because no absorption of salt from the collec-
ting duct could be found in the same preparation,
despite evidence for such transport in other studies
[48] (in the hamster, however), Morgan and Berliner
[14] considered it likely that "some essential condi-
tion or requirement for transport" was lacking.
In the isolated thin ascending limb of the rabbit,
lmai and Kokko found no net movement of solute
and no net movement of water when bath and per-
fusion fluid had the same composition [23]. Further-
more, the transtubular electrical potential difference
was zero. lmai and Kokko concluded that they had
"excluded" active transport of salt. A more appropri-
ate conclusion in this and the studies cited above
might be that no evidence for active transport could
be found.
In two more recent studies active transport of salt
out of the thin ascending limb has apparently been
detected. Morgan, perfusing isolated rat papillas in
vitro, found the sodium concentration to be reduced
[49]. However, the changes detected were very small
(about 5 mM) and were found only when the rate of
perfusion was reduced to extremely low levels (0.2
nI/mm). A somewhat larger difference was reported
by Marsh and Azen [50] to develop between the
lumen of the ascending limb and an adjacent ascend-
ing vas rectum in the hamster papilla when flow at the
ascending limb site was slowed by simultaneous with-
drawal of fluid from the bend of the same loop. These
two studies suggest a mechanism for active salt trans-
port of rather limited capacity, but in view of the
technically complicated procedures involved addi-
tional corroborative evidence would be desirable.
Conclusions
It is clear that there are wide differences in the
experimental observations that bear on the forces
that drive the countercurrent multiplier function of
the loop of Henle in the inner medulla. The situation
is rather unusual in that the differences among the
findings of different observers also reflect differences
among the species with which they have worked.
It is still possible to conclude that the observed
discrepancies represent the differences among the
species, although the possibility of serious technical
errors, not unheard of in micropuncture studies, still
exists. Assuming for the moment that the differences
are species differences, it would appear that the four
fairly well studied species represent a spectrum. At
one extreme would appear to be the rabbit, the char-
acteristics of which seem to fit more or less perfectly
with the passive mode of operation. At the other end
of the scale would seem to be Psammomys; unless
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there are major errors, the operation of the ioop
would appear to be entirely or almost entirely, by
active transport. At least urea seems to play little role
in the concentration process. The rat and the hamster
would seem to fall between. The considerable
gradient of urea from interstitium to loop in the
hamster would seem to provide an appreciable driv-
ing force for passive movement and the hamster may
thus approach the rabbit. In the rat, the high urea
concentrations at the bend of the loop, the relatively
high salt permeability in the descending limb and the
relatively low salt permeability in the ascending limb
do not fit well with an entirely or even largely passive
mode of operation.
Of course all of the above are highly speculative
pending the acquisition of more data, especially the
examination of more than one species by the same
observers and with more uniform procedures and
techniques. Meanwhile, one must be intrigued by the
economy and explanatory value of the solute mixing
models. In this regard the Stephenson model, being
more flexible than that of Kokko and Rector, has the
advantage. It would seem to me that if this is not the
way the kidney works, it certainly ought to try it.3
Apologies to Scholander [17].
Reprint requests to Dr. R. W. Berliner, Department of Physiology,
Yale University School of Medicine, New Haven, Connecticut
06510, U.S.A.
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